Abstract The effect of MoO 3 addition on the properties of
Introduction
Bi-based cuprate superconductor family can be represented by the general formula Bi 2 Sr 2 Ca n-1 Cu n O 2n?4 with n = 1, 2, and 3 (called Bi-2201, Bi-2212, and Bi-2223, respectively). The last two members are known to have some important properties for fundamental research and applications in technology and industry [1] [2] [3] [4] [5] [6] . Among these high-T c superconductors, (Bi, Pb)-2223 appears to be the most promising candidate for the application in power transmission cables at liquid nitrogen temperature due to its higher critical temperature, T c [7] . However, some major limitations for the practical applications of Bi-2223 hightemperature superconductors are related with their ceramic nature: they are quite brittle, very anisotropic, possess low critical current density (J c ) at high temperatures and usually they are composed by several phases. From all these drawbacks, the most limiting one for the practical applications of superconductors is J c [8] [9] [10] .
It is well known that when the current flows in a conductor, it takes the lowest resistivity paths. For this reason, the grain orientation plays an important role on the electrical properties of these materials due to the high electrical and microstructural anisotropy. Therefore, J c values of these superconductors can be modified by the use of different synthetic methods [11] , or by controlling the grain orientation using different techniques which do not affect their T c values significantly, as sinter-forging [12] or directional growth from the melt. Among these methods, the laser floating zone has been shown to be a very valuable technique to enhance the electrical properties in pure [13, 14] and doped Bi-2212 [15, 16] .
On the other hand, doping can help developing pinning centers which help increasing the electrical transport capability of such materials. Thus, J c of superconductors is strongly dependent on the structure, size, orientation and connectivity of grains which can be controlled by material preparation techniques or addition/substitution with different elements with the ability to produce effective pinning centers [15] [16] [17] [18] [19] [20] . Substituting elements into BSCCO system must possess certain characteristics like similar oxidation states, atomic radius and electronegativity. In MoO 3 the oxidation state of molybdenum is 6? with significant differences in crystalline structure with bismuth and copper. Thus, the incorporation of Mo in the Bi-2212 crystal structure can cause important changes on the physical properties of Bi-2212 superconductor when it is properly processed due to the MoO 3 volatility.
The aim of this work is to investigate the effect of Mo addition on the physical, magnetic and mechanical properties of Bi-2212 ceramics using X-ray powder diffraction (XRD), SEM, EDS, electrical resistivity, magnetic and Vickers microhardness measurements. 3 (Aldrich, 99 %) commercial powders. They were weighed in the appropriate proportions, mixed using an agate mortar and ball milled at 300 rpm for 30 min. After milling process, the powders were calcined twice at 750°C for 12 h and at 820°C for 24 h, with an intermediate milling in a grinding machine for 2 h at 300 rpm. The remaining powder was then pressed into 13 mm diameter pellets under 375 MPa applied pressure.
Experimental details
Finally, the pellets were annealed at 860°C for 90 h in air to produce the Bi-2212 phase with the adequate oxygen content which maximizes T c values [21] . Samples with x = 0, 0.05, 0.1 and 0.25 Mo contents will hereafter be named M1, M2, M3, and M4, respectively.
Resistivity and magnetic measurements were carried out using Cryogenic Limited PPMS (from 5 to 300 K) which can reach temperatures about to 2 K in a closed-loop He system. X-ray powder diffraction analyses were used to determine the phases present in the samples and were performed by using a Rigaku Ultima IV X-Ray Diffractometer between 2h = 3 -60°. Lattice parameters have been automatically calculated by the PDXL software version 1.6.0.1 with the ICDD version 6.0 database. The surface morphologies of the samples were studied by using a Zeiss/Supra 55 Scanning Electron Microscopy (SEM) provided with an EDS detector which has been used to determine the distribution of the elements in the different samples. The Vickers microhardness measurements of samples were performed in a Micro Hardness Tester (Model HV-1000) at room temperature. A Vickers indenter with different loads (0.245, 0.49, 0.981, 1.962, 2.943, 4.905, and 9.81 N) and a loading time of 20 s was used. An average of 20 readings of the diagonals of the indentation, at different locations on the surface of the samples, for each load was taken to obtain the most accurate values of microhardness.
Results and discussion

XRD characterization
The powder XRD patterns performed on all samples are displayed in Fig. 1 . From these graphs, it is clear that major peaks correspond to the Bi-2212 phase, indicating that the sintering conditions have been adequate in order to produce a high amount of the superconducting phase. On the other hand, some minor peaks can be identified, corresponding to the typical nonsuperconducting secondary phases Bi 2 CuO 4 and Bi 2 O 2.7 (marked in Fig. 1 by • and ?, respectively). The automatically obtained lattice parameters indicate that the crystal symmetry of all the samples is orthorhombic with their crystal parameters summarized in Table 1 . From these data it is obvious that when Mo enters into the Bi-2212 crystal, the unit cell parameters change significantly. According to the XRD measurements, Mo addition decreased the lattice c parameter from 30.874 to 30.795 Å for samples M1 and M4, respectively. It is well known that there is weak coupling between BiO-BiO layers in the BSCCO system [22] . The oxygen content in Bi-O planes can change easily when different substitutions enter in the structure. Thus, electrostatic forces between charges in Bi-O planes change, which is to explain the chancing in the lattice parameter of the samples.
As it is well known, the Bi-2212 grains possess a platelike shape and tend to stack each other parallel to the ab planes [23] . As a consequence, it is difficult to measure the thickness of the individual plate-like grains, and it has to be made using the Debye-Scherrer equation.
According to Debye-Scherrer, in broadening region the average size of a crystal is defined as [24] :
Intensity (a.u) 
where t is the thickness of the crystal, k the wavelength, h B the Bragg angle, and B is the line broadening, by reference to a standard, so that
where B s is the half-width of the standard material in radians.
The calculated grain thickness decreases from 42.812 to 39.328 nm for the pure samples and the heavily doped ones, respectively, indicating that an increase on the Mo addition reduces the grain thickness. Figure 2 shows fractured surface micrographs for the M1, M2, M3 and M4 samples. It can be seen that the samples are mainly composed by randomly oriented plate-like grains in all samples which grow in size with the Mo content. Moreover, in Fig. 4d can be observed needle-like grains appearing which are much smaller in the rest of the doped samples and, as a consequence, they are not easily distinguishable. In any case, the small dimensions of these needle-like grains explain the fact that no variation in the XRD plots has been observed.
SEM analysis
On the other hand, porosity decreases when Mo content is raised. The impurities phases not diffused into the superconducting structure began to form granular structure and an increase in the volumes of the impurity phases in sample-M3.
EDS analysis
EDS analysis, performed on the surface of all samples, is presented in Fig. 3 where Bi, Sr, Ca, Cu, O, and Mo element mapping are displayed. At first sight, the elements distribution is very homogeneous in all cases and elements. The black zones observed in the elemental maps represent porosity. Other interesting feature which can be observed in these figures is the Mo appears in some of the grains together with Sr and small amounts of Ca, probably producing nonsuperconducting secondary phases which would affect the samples electrical properties.
Electrical measurements
The electrical resistivity versus temperature curves for all the samples, from 5 to 300 K are displayed in Fig. 4 . In this figure, it can be observed that all the samples show metallic behavior above T c (onset) value. The T c (onset) values for the M1, M2, M3, and M4 samples have been found to be about 78.7, 80.9, 87.9, and 89.5 K, respectively (see From the data represented in Fig. 4 , the width of transition temperature, DT c , has been calculated and represented in Fig. 5 where DT c versus Mo content data are plotted. This graph clearly shows an increase of the broadening of the normal to superconducting transition when Mo content is raised. This effect can be due to the intergrain weak links, which decrease the intergranular coupling, or to a change in oxygen content due to the Mo addition. 
Carrier concentration calculations
The hole-carrier concentrations per Cu ion, P, have been calculated, for all the samples, using the following relation [25] :
where Tc max is taken as 85 K for Bi-2212 phase [26, 27] . Figure 6 shows it is displayed the variation of the calculated hole-carrier concentration as a function of Mo-content. This is an important parameter due to previous works on thermoelectric power which have shown that holes are more effective in the superconducting state than the electrons [28] [29] [30] . From the data presented in the plot, it can be observed a general decreasing trend from the M1 (0.094) to the M4 sample (0.088). This decrease on the hole-carrier concentration leads to a decrease on the superconducting properties of system.
Magnetic properties
The magnetic hysteresis cycles, performed at applied fields of ±2 T for all the samples, at 10 and 25 K, are presented in Figs. 7 and 8, respectively. In these figures, it can be clearly seen that the magnitude of magnetization gradually decreases when the Mo amount increases. Moreover, these results also suggest that the superconducting properties of the undoped sample M1 are higher than the obtained for Mo doped samples. This effect can be explained by the production of undesirable secondary phases, with relatively big grain sizes, which can not be acting as effective flux pinning centers [31] . Furthermore, the production of such secondary phases reduces the amount of Bi-2212 phase in the bulk material.
The J C values of the samples were calculated from the hysteresis loops at 10 K, using the Bean's model [32] :
where J c is the magnetization current density in ampéres per square centimeter. DM = M ? -M -is measured in electromagnetic units per cubic centimeter, and d is the thickness of sample. Figure 9 shows the calculated critical current densities for all the samples, as a function of the applied field, at 10 K. As can be seen from the figures, J c values gradually decrease with the magnetic field and Mo content. In particular, the increase on the secondary phases content can cause a decrease in intergranular critical current density. Taking into account the M-H data displayed in Figs. 7 and 8, and the J c values in Fig. 9 , it can be easily deduced that Mo additions affect negatively the superconducting properties of samples due to the weak link behavior of the Bi-2212 ceramics, impurity levels and lattice defects induced by Mo in the doped samples.
Mechanical properties
The Vickers microhardness values (H V ) were calculated using the traditional definition [33, 34] :
where P is the applied load in N and d is the diagonal length of the indentation mark in lm. Figure 10 shows the variation of microhardness versus the applied load for the M1, M2, M3, and M4 samples The measured microhardness values are in the range between 0.3 and 0.45 Gpa, independently of the applied load. This observation is in agreement with experimental results for BSCCO systems in the literature. The variation of microhardness of all samples in the graph show a fluctuation as the applied load increases up to 2 N, thereafter, the microhardness values decreases almost linearly. This behavior shows that all samples have indentation size effect (ISE) which shows lower hardness values at higher applied loads [35] [36] [37] [38] [39] [40] . Hardness values with increasing and decreasing with low applied loads may be due to the porosity and the anisotropic structure found in ceramic superconductors.
On the other hand, it is useful to mention the Meyer number in Meyer's Law, n, as it can explain the ISE or Meyer's Law known by means of the following relation gives the simplest way to learn the main mechanical properties of samples [40] .
where n is Meyer number, F is the applied test load, d is indentation diagonal length and K is the standard hardness constant. Typical plots of the Ln F versus Ln d dependence for all samples are shown in Fig. 11 . The n and K values in Meyer's Law can be easily calculated from the slopes of the different lines. The calculated n and K values are displayed in Table 2 . From these data it can be seen that n values are ranging between 1.9301 and 1.912, from M1 to M4 samples, respectively. In all cases, Meyer number is lower than 2, indicating that all samples have normal ISE effect, in agreement with microhardness results. In addition, Young's modulus can be defined by the ratio of tensile stress to the strain [ where tensile stress is the ratio of the magnitude of the external force (F) to the cross-sectional area (A). Figure 12 shows stress versus strain curve for all samples. Logarithmic slope for each independent sample can be seen in Fig. 12b -e has been plotted for a better visualization of the samples elastic behavior. Moreover, it can be noticed that R 2 values displayed in Fig. 12 are very close to 1, indicating the accuracy of the fitting. It is well known that the elastic behaviour of any material disappears when the applied stress is higher than its elastic limit. In this case, all samples maintain elastic behaviour up to max load values due to their fragile nature. All these results are summarized in Table 3 where the calculated load independent H v , Y and E values, together with tensile stress and strain for all samples are presented. E and Y have been calculated using the relations E = 81.9635 H v and Y & H v /3 [43, 44] . In the table it can be clearly seen that their variation with load is non-linear, which is an expected behavior as E and Y values depend on microhardness values which have shown a non-linear behavior explained previously.
Conclusions
The effect of Mo addition on the phase formation and physical properties of Bi-2212 superconducting materials has been investigated. X-ray diffraction patterns of the samples showed that Bi-2212 phase is the major one, independently of Mo content. SEM results indicate that the 
